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Temperature is one of the most important abiotic factors inﬂuencing the adaptation and diversiﬁcation of insects. Diverse and complex physiological mechanisms have evolved to help insects adapt to seasonal changes in
temperature and prevent cold injury. Although the mechanisms of seasonal adaptation to low temperatures have
been studied for insects in diﬀerent taxa, none of these mechanisms have been investigated in scale insects in the
superfamily Coccoidea. The crapemyrtle bark scale, Acanthococcus lagerstroemiae (Kuwana) (Hemiptera:
Eriococcidae), is a newly introduced scale pest of crapemyrtles, Lagerstroemia spp. (Myrtales: Lythraceae). Our
previous study concerning the cold tolerance of this pest suggested that, from summer to winter, A. lagerstroemiae seasonally adapted to lower temperature with a 5 °C reduction of supercooling points. In addition, time
required to achieve the same levels of mortality at lower temperatures also increased. In this study, we used A.
lagerstroemiae as a model system to investigate the physiological mechanisms correlated with changes in cold
tolerance in scale insects, by measuring water content, lipid content and fatty acid composition, and cryoprotective polyols and sugars every other month. Results suggested that water content was lower in winter and early
spring than in summer and early fall (40.8% vs. 63.3%). The proportions of the fatty acids in PL were similar
over seasons, but in TAG, shorter chain fatty acids (from C6:0 to C10:0) increased in winter as longer chain fatty
acids (from C14:0 to C18:0) decreased. Among all measured polyols and sugars, including glycerol, D-mannitol,
myo-inositol, and D-trehalose, the levels of D-mannitol were the highest in January 2016, which were 19-times of
those in March 2016 and 4.5-times of those in September 2016. Results from this study provide a better understanding on how A. lagerstroemiae overwinters, which may give insights into the overwintering strategies of
other scale insects.

1. Introduction
Temperature is one of the most important abiotic factors inﬂuencing
adaptation and diversiﬁcation of animals, especially for poikilotherms
like insects (Angilletta et al., 2003; Bale, 2002). To adapt to seasonal
changes in temperature, diverse and complex physiological mechanisms have evolved to help insects prevent potential cold injury
(Denlinger and Lee, 2010). Identiﬁcation and quantiﬁcation of biochemical composition of insects can help us better understand the
mechanisms associated with cold tolerance such as seasonal changes in
insects body water content, contents of cryoprotectants, such as polyols
and sugars, and changes in lipids composition in order to maintain
ﬂuidity (Clark and Worland, 2008; Rozsypal et al., 2014; Slachta et al.,
2002).

Water plays an important role in insect cold tolerance, especially in
maintaining osmotic stasis. For example, loss of water increases the
concentrations of cryoprotectants that maintain the insect in an unfrozen (or supercooled) state (MacMillan et al., 2015). Polyols or
polyhydric alcohols, and sugars, usually function as cryoprotectants in
insects (Salt, 1961), which mitigate ice crystal formation, help stabilize
membrane and protein structures, enhance supercooling capacity, and
maintain osmotic balance and cell volume (Bale, 2002; Teets and
Denlinger, 2013). The type and amounts of cryoprotectants vary among
insect species. Although glycerol is the most common type of cryoprotectant in insects (Bale, 2002; Storey, 1997), other cryoprotectants
have been reported from diﬀerent taxa, including myo-inositol (Koštál
et al., 2007; Vesala et al., 2012; Watanabe and Tanaka, 1999), mannitol
(Hendrix and Salvucci, 1998; Saeidi et al., 2012; Wang et al., 2006),
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2. Materials and methods

and trehalose (Izumi et al., 2005; Khani et al., 2007; Lee et al., 2002).
Lipid composition changes such as in triacylglycerols (TAGs) and
phospholipids (PLs) can help insects overwinter, as well as altering
their fatty acid compositions (Clark and Worland, 2008; Rozsypal et al.,
2014). TAGs function as energy reserves for many insects and are
usually accumulated before winter and directly aﬀect the insects’
overwintering capacity (Buckner et al., 2004; Ohtsu et al., 1995; Ohtsu
et al., 1992). Phospholipids are basic structures of cell membranes
(Lodish and Zipursky, 2000), and some insects have evolved to alter the
lipid fatty acid composition for maintaining accessibility to stored lipids
(Rozsypal et al., 2014), and preserve membrane ﬂuidity when facing
changing temperatures (Sinensky, 1974). Most changes in stored and
membrane lipids, reported by previous studies, showed increased unsaturated fatty acids during winter (Rozsypal et al., 2014; Van
Dooremalen et al., 2011a; Vukašinović et al., 2015). Reduction of
carbon length of fatty acids is a key strategy to reduce melting temperature and maintain lipid liquidity (Michaud and Denlinger, 2006).
However, none of these cryoprotectants has been explored in scale insects (Hemiptera: Coccoidea).
The crapemyrtle bark scale, Acanthococcus lagerstroemiae (Kuwana)
(Hemiptera: Eriococcidae), a newly introduced pest of crapemyrtles,
Lagerstroemia spp. (Myrtales: Lythraceae) (Wang et al., 2016b), can be a
good model system to understand the cold physiology of scale insects.
This scale pest attacks one of the most popular summer-ﬂowering ornamental shrubs and trees in the southeastern US (Chappell et al., 2012;
NASS, 2014). Acanthococcus lagerstroemiae has sexual dimorphism: the
male is winged and motile while the female is wingless and sessile on
the bark. Nymphs are the main overwintering stages observed in the
ﬁeld, of which sex is diﬃcult to diﬀerentiate. Crapemyrtles heavily
infested with A. lagerstroemiae exhibit stress resulting in plant growth
reduction (Luo et al., 2000; Ma, 2011) and fewer blossoms (Merchant,
2014). Similar to other scale pests (Gullan and Kosztarab, 1997), A.
lagerstroemiae secretes honeydew which causes accumulation of unsightly sooty mold on trunks and branches, reducing the aesthetic value
of the plant (Gu et al., 2014; Wang et al., 2016b).
Our previous experiments revealed that cold tolerance of A. lagerstroemiae nymphs changes over seasons (Wang et al., 2016a). The supercooling points of A. lagerstroemiae, deﬁned as the temperature when
the insect body spontaneously freezes (Sinclair et al., 2015), decreased
from −21.2 °C in July 2015 to −26.6 °C in January 2016. Reduction of
supercooling points suggests potential biochemical changes to enhance
cold tolerance (Clark and Worland, 2008). In addition, mortality of
nymphs collected in diﬀerent seasons responded in a similar pattern
when exposed to various low temperatures. When comparing mortality
at 0 °C between nymphs collected in summer and winter, the exposure
period required to cause 90% mortality increased from 9 h for the population collected in summer to 50 h for those collected in winter, with
similar trends observed at other low temperatures. Because the temperatures leading to nymphal mortality were higher than the supercooling points in A. lagerstroemiae, chill-susceptible is likely a cold
tolerance strategy of A. lagerstroemiae (Sinclair et al., 2015). To overcome low winter temperatures, physiological changes in A. lagerstroemiae nymphs could play important roles.
The goal of this study was to describe the biochemical and physiological changes in A. lagerstroemiae associated with seasonally altered cold tolerance. Speciﬁcally, we studied seasonal changes in water
content, fatty acid composition in both TAGs and PLs, and four potential cryoprotectants (glycerol, D-mannitol, myo-inositol and D-trehalose) in A. lagerstroemiae nymphs collected in diﬀerent seasons. Results
obtained from this study provide a better understanding of the overwinter strategies of A. lagerstroemiae and the cold physiology of scale
insects in general.

2.1. Insect source
Branches with length ranging from 4 to 8 cm were collected from
crapemyrtle trees infested with A. lagerstroemiae nymphs in Shreveport,
LA (32.55°N, 93.78°W) every other month from November 2015 to
October 2016. Upon collection, branches were placed into a plastic bag,
kept in an incubator (Series 101, Percival Scientiﬁc®, Perry, IA) at 25 °C,
and examined under a microscope within 24 h. Nymphs were gently
ﬂipped over without injuring any appendages using a needle and
gathered onto a 10 cm dry ﬁlter paper in a Petri dish. Because it is
diﬃcult to diﬀerentiate between second and third instars (Wang et al.,
2016b), a mixture of both instars was used in this study. Six branches
(replicates) with scales were used for each collection time, each replicate with multiple live individuals of A. lagerstroemiae nymphs collected from each branch and placed in a 1.5 ml Eppendorf vial. Vials
with A. lagerstroemiae nymphs were stored at -75 °C prior to experiments.
2.2. Materials for the laboratory assay
Tricosanoic acid was purchased from NuCheck Prep®, Inc., Elysian,
MN. Deuterated glycerold8, D-mannitold8, and myo-inositold6 were ordered from CDN Isotopes Inc., Pointe-Claire, Quebec, Canada. HPLC
grade chloroform, pyridine, methanol, hexane, ethyl ether, and water
were ordered from Fisher ScientiﬁcTM, Houston, TX. The bis-trimethylsilyltriﬂuoroacetamide (BSTFA) was purchased from SigmaAldrich Inc., St. Louis, MO.
2.3. Water content
Water content of A. lagerstroemiae nymphs was measured as the
diﬀerence in body mass before and after lyophilization (FreeZone® Plus
6, Labconco®, Kansas City, MO). Fresh weight of nymphs of each replicate was recorded using a Delta Range MicroBalance (MettlerToledo® Series AX26). The amount of water of each replicate was calculated as the weight loss after lyophilization, and reported as the
percentage of water amount to the replicate’s fresh weight.
2.4. Fatty acid composition
Total lipids of A. lagerstroemiae nymphs were extracted from nymph
samples collected in diﬀerent seasons. Total lipids of each sample was
separated by Thin Layer Chromatography (TLC) into diﬀerent fractions
to quantify various fatty acids in each lipid fraction.
Folch’s method was used to separate lipids and polar metabolites
(Folch et al., 1957). Lyophilized nymphs were spiked with 5 µg deuterated glycerold8, D-mannitold8, and myo-inositold6 (1 µg/µl of chloroform/methanol 2:1 v/v) as internal standards for polyol and sugar
analyses and then homogenized using a glass/glass homogenizer in
1.5 ml chloroform/methanol (2:1 v/v). Then 0.6 ml water was added to
the homogenizer, after which the homogenate separated into two
layers. The lower layer was consisted of mainly chloroform, containing
lipids; and the upper layer contained polyols and sugars. After centrifuging at 10,000g for 5 mins, the two layers were transferred using
glass pipettes and stored in two 4 ml Teﬂon-lined cap bottles. To extract
most of the lipids and polyols, the remaining materials in the homogenizer were diluted with another 1.5 ml chloroform/methanol (2:1 v/
v) and 0.6 ml distilled water and the resulting layers were pooled with
the ﬁrst extraction. Both extracted lipids and polyols were evaporated
under a slow ﬂow of nitrogen and reconstituted in 50 µl chloroform/
methanol (2:1 v/v).
The TAGs and PLs for each replicate of A. lagerstroemiae nymphs
were ﬁrst separated by TLC on normal phase silica gel G plates
(10 × 2.5 cm; 250 µm thick, Uniplate™, Analtech, Newark, DE) (Chen
2
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2.5. Polyols and sugars

and Laine, 2015). Extracted lipids from each replicate as well as the
standards (4 µg sesame oil and phosphatidylcholine) were dissolved in
chloroform/methanol (2:1, v/v)] and individually spotted on one plate.
After the samples dried, the plate was inserted into a Teﬂon liner
capped glass TLC tank (3 × 3 × 10 cm) prewashed by, and containing,
1 ml chromatography development solvent (hexane: ether: acetic acid;
80:20:1, v/v/v). After development, lipid fractions were visualized by
exposing the plate to iodine vapor for 5 min. The TAG and PL fractions
were located by comparing their positions to the sample lane of standards.
For each replicate, TAG and PL were re-extracted from TLC, methanolyzed to fatty acid methyl esters (FAME), and then analyzed by
Gas Chromatography/Mass Spectrometry (GC/MS). Before iodine vaporized from the TLC plates, TLGs and PLs spots were marked with
pencil. To re-extract them from the TLC plate, each marked spot of silica gel was collected to a glass vial by a razor blade after addition of
5 µg tricosanoic acid [C23:0; 1 µg/µl dissolved in chloroform/methanol
(2:1, v/v)] as internal standard, and 1 ml chloroform/methanol (2:1, v/
v) was added as solvent into each vial. To detect potential contamination, two controls were collected as two circular spots (in diameter of
0.5 cm) from area not stained for lipids on one of the developed TLC
plates. One of these spots was then spiked with 5 µg C23:0. All glass
vials with TLC-scraped samples of silica gels were sonicated for
12.5 min using an ultrasonic cleaner (Chicago Electric®, Carol Stream,
IL), and the solvents were transferred to 1.5 ml Eppendorf vials for
centrifuging. The supernatant fractions including TAGs and PLs were
then transferred into new glass vials and dried under nitrogen. After
adding 200 µl 1 N methanolic HCl, vials containing lipids were heated
at 100 °C for 1 h, followed by an addition of 200 µl hexane to extract the
FAME. After centrifuging, the hexane supernatant fractions containing
FAME were transferred and analyzed by GC/MS (7890B, Agilent
Technologies Inc., Santa Clara, CA) coupled with a DB-5 column
30 m × 0.25 mm (i.d.) with a 0.25 µm ﬁlm thickness (J&W Scientiﬁc,
Folsom, CA). Mass spectra were acquired in Electron Ionization (EI)
mode (70 eV) with Total Ion Mode (TIM) using GC/MS (5977A, Agilent
Technologies Inc., Santa Clara, CA). The peak areas were recorded by
MassHunter software (Agilent Technologies Inc., Santa Clara, CA).
Helium was the carrier gas at 1.5 ml/min and the GC thermal program
was set as follows: 60 °C for 4 min, 15 °C/min to 200 °C, 5 °C/min to
260 °C, then held for 10 min. Peaks were identiﬁed by comparing retention times and mass spectra with authentic FAMEs (NuCheck Prep
Inc., Elysian, MN). Some fatty acids were not detectable due to low
concentrations. Fatty acids with less than three detected values were
considered as trace value. Two pairs of fatty acids, the pair of 13-methyl
C15:0 and 12-methyl C15:0 and the pair of C18:1n9 and C18:2n6,
overlapped and were integrated together. To estimate the comparable
peak areas of overlapped fatty acids, the peak heights were used to
calculate the peak area for each pair, assuming the width at half-height
to be nearly identical. Each FAME was quantiﬁed based on its comparison with the molar concentration of spiked internal standard
(C23:0). The concentrations of fatty acids were then determined by the
molar amount of fatty acids divided by the dry weight of A. lagerstroemiae (nmol/mg DW). Small amounts of C16:0 and C18:0 were
found in the controls, and this was corrected for all samples.
To understand the seasonal adaptations of A. lagerstroemiae nymphs,
the total amount of fatty acids, proportions of single fatty acid and total
unsaturated fatty acids were calculated for both TAG and PL. The total
amount of fatty acids in TAG was used as indicator of lipid energy
storage levels. Normality of each variable was tested using Shapiro-Milk
test. Data of water content (P = 0.37) were normally distributed and
analyzed using one-way analysis of variance (ANOVA) in PROC MIXED
(SAS Version 9.3; SAS Institute, Cary, NC), and the LSMEANS were
separated using Tukey’s HSD test at α = 0.05. The amounts of fatty
acids and calculated dependent variables were not normally distributed
with high variation in both TAG and PL, therefore, a log transformation
was applied before the one-way ANOVA.

Polyols and sugars of interest in A. lagerstroemiae nymphs, speciﬁcally, glycerol, D-mannitol, myo-inositol, and D-trehalose, were trimethylsilylated using BSTFA in pyridine and analyzed in GC/MS as
described above. The upper homogenate layer from Folch’s method,
which contained polyols, sugars and deuterated internal standards, was
dried under nitrogen and derivatized by adding 200 µl pyridine and
200 µl BSTFA and heating at 70 °C for 1.5 h. Polyol- and sugar-trimethylsilyl derivatives were analyzed by GC/MS with the following GC
thermal program: 80 °C for 4 min, 5 °C/min to 100 °C, 6 °C/min to
300 °C, then held for 15 min. Diﬀerent pairs of ions were selected to
monitor the relative abundance of the polyols, sugars, and deuterated
internal standards in Extracted Ion Chromatograph (EIC), including the
pair m/z 205 and 208 for glycerol and glycerold8; the pair m/z 319 and
323 for D-mannitol and D-mannitold8; the pair m/z 305 and 307 for myoinositol and myo-inositold6; and the pair m/z 361 and 307 for proton
form D-trehalose and myo-inositold6. To achieve the most accurate
quantiﬁcation, standard curves were constructed by mixing glycerol, Dmannitol, myo-inositol, and D-trehalose each with 2, 4, 8, 16, 32, 64,
128, and 256 µl (1 µg/µl; dissolved in water), respectively, spiked with
16 µl (1 µg/µl; dissolved in water) each of glycerold8, D-mannitold8, and
myo-inositold6 (Supplementary Material Fig. S1), and calculated as the
linear responses of peak area ratios of polyols/sugar to the deuterated
standards to the concentration ratios in molar units. The molar amount
of polyols and sugar of insect samples was calculated using the ratio of
peak areas at diﬀerent pairs of ions in EIC and speciﬁc standard curve,
and the concentrations were determined as molar amounts divided by
the fresh weight of A. lagerstroemiae (nmol/mg FW). Because the molar
amounts of polyols and sugars were all non-normally distributed with
P < 0.05 in Shapiro-Wilk tests, the Kruskal-Wallis (KW) Analysis of
Variance was conducted to compare their molar amounts among sampling dates (PROC NPAR1WAY, SAS version 9.4, SAS Institute 2016,
Cary, NC) and post hoc analyses were then conducted if signiﬁcant
diﬀerences were found (Elliott and Hynan, 2011).

3. Results
3.1. Water content
The water content of A. lagerstroemiae nymphs was lower in samples
collected in winter and early spring compared with those collected in
summer and early fall (40.8% vs. 63.3%) (F(5, 30) = 14.0, P < 0.0001;
Fig. 1).
100
66.4; a

Water Content (%)

80

60

62.9; a
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Jul 2016
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38.8; b
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Fig. 1. Box plot of water content (%) of Acanthococcus lagerstroemiae nymphs
sampled every other month from November 2015 to October 2016. Lines within
each box plot correspond to the median values, the box lengths correspond to
the interquartile ranges, and the lines emanating from the box (whiskers) extend to the smallest and largest observations. Values labeled on the top of the
boxes are the means of water content, and sample dates labeled with diﬀerent
letters are signiﬁcantly diﬀerent.
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Fig. 2. Total ion chromatographs of fatty acids in phospholipid for Acanthococcus lagerstroemiae nymphs collected in September 2016 (Top) and in triacylglycerol for
A. lagerstroemiae nymphs collected in January 2016 (Bottom).

samples collected over the seasons (data not shown), nor was the proportion of total unsaturated fatty acids in PL (Mean ± Standard
Error = 35 ± 2%; P = 0.174).
The amounts and composition of fatty acids in TAGs also diﬀered
over seasons. Higher amounts of shorter chain fatty acids such as C8:0
and C10:0 were found in colder seasons than in summer (Table 2).
Small amounts of C6:0 (< 5 nmol/mg) were detected in November
2015 and January 2016 (Table 2). A 30 fold diﬀerence in the amount of
C8:0 was observed between January 2016 (91 ± 13 nmol/mg) and
September 2016 (3 ± 0.3 nmol/mg), but C8:0 was absent in May and
July 2016 (Table 2). The highest total amount of TAG fatty acids was
found in samples collected in November 2015 (639 ± 160 nmol/mg),
and the lowest amount of TAG fatty acids was found in samples

3.2. Fatty acid composition
A total of twenty fatty acids with 6–30 carbon atoms were found
present in A. lagerstroemiae nymphs (Fig. 2, Tables 1 and 2,
Supplementary Material Fig. S2–S4). Most types of fatty acids found
between PLs and TAGs were similar except that shorter chain fatty acids
(C6:0 and C8:0) were only found in TAG and longer chain fatty acids
(C24:0, C26:0, C28:0, and C30:0), as well as an odd chain fatty acid
(C17:0) were found in PL (Fig. 2, Tables 1 and 2). Although the total
amount of fatty acids in PL in samples collected in May 2016
(103 ± 23 nmol/mg) was three-fold higher compared with those collected in November 2015 (33 ± 3 nmol/mg) (Table 1), the types and
proportions of fatty acids in PL were not signiﬁcantly diﬀerent among

Table 1
Amounts of fatty acids (mean ± standard error; nmol/mg DW) in phospholipids of Acanthococcus lagerstroemiae nymphs sampled every other month from July 2015
to June 2016. Groups labeled with diﬀerent letters within each row indicate signiﬁcant diﬀerences among sample collection dates.
Fatty acid/Variable

Nov 2015

Jan 2016

Mar 2016

May 2016

Jul 2016

Sep 2016

C10:0
C12:0
C14:0
13-methyl ,C15:0
12-methyl, C15:0
C16:0
14-methyl, C16:0
C17:0
C18:2Δ6
C18:1Δ9
C18:0
C19:0
C20:0
C22:0
C24:0
C26:0
C28:0
C30:0
Total amount

Trace
0.6 ± 0.1 a
2.9 ± 0.4
0.2 ± 0.03
0.4 ± 0.05b
3.6 ± 0.9
0.3 ± 0.05
0.2 ± 0.1
6.7 ± 1.7
3.7 ± 0.7b
10.5 ± 1.7
0.4 ± 0.1
1.3 ± 0.1b
Trace
0.6 ± 0.1
0.8 ± 0.2
0.9 ± 0.2
Trace
33.2 ± 2.7b

Trace
0.4 ± 0.1 ab
2.5 ± 0.2
Trace
0.3 ± 0.04b
4.8 ± 2.2
0.2 ± 0.04
0.2 ± 0.03
9.6 ± 1.9
5.3 ± 0.7 ab
11.7 ± 1.1
0.5 ± 0.1
1.6 ± 0.2 ab
0.3 ± 0.1
1.0 ± 0.4
0.9 ± 0.4
0.9 ± 0.4
Trace
39.4 ± 5.0 ab

0.4 ± 0.2
0.4 ± 0.1 ab
2.5 ± 0.8
0.3 ± 0.01
1.0 ± 0.4 ab
5.0 ± 1.7
0.4 ± 0.1
0.2 ± 0.1
21.6 ± 9.3
8.3 ± 2.7 ab
15.0 ± 5.5
0.4 ± 0.1
2.2 ± 0.7 ab
Trace
0.7 ± 0.3
0.9 ± 0.4
0.8 ± 0.3
0.3 ± 0.2
59.0 ± 21.5 ab

Trace
0.1 ± 0.04b
4.9 ± 1.4
0.7 ± 0.2
1.9 ± 0.5 a
8.3 ± 1.9
0.5 ± 0.1
0.3 ± 0.1
33.8 ± 8.4
16.6 ± 4.1 a
26.3 ± 5.8
0.6 ± 0.1
3.4 ± 0.7 a
0.3 ± 0.1
1.1 ± 0.3
2.2 ± 0.8
1.8 ± 1.4
1.0 ± 0.9
102.9 ± 22.8 a

Trace
0.3 ± 0.1 ab
3.8 ± 0.5
Trace
1.3 ± 0.2 a
5.4 ± 0.6
0.4 ± 0.06
Trace
17.8 ± 1.3
11.3 ± 0.8 ab
17.9 ± 1.9
0.6 ± 0.1
2.1 ± 0.4 ab
0.3 ± 0.1
0.6 ± 0.1
1.1 ± 0.3
1.2 ± 0.5
1.2 ± 0.6
64.2 ± 3.0 ab

Trace
Trace
4.5 ± 0.9
0.4 ± 0.03
1.3 ± 0.2 a
10.0 ± 4.4
0.6 ± 0.2
0.6 ± 0.4
23.9 ± 6.4
13.0 ± 3.8 ab
32.8 ± 17.4
0.7 ± 0.3
4.3 ± 1.2 a
0.4 ± 0.1
2.8 ± 0.9
4.3 ± 2.0
5.9 ± 2.4
3.0 ± 1.2
108 ± 39.6 a
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Table 2
Amount of fatty acids (mean ± standard error; nmol/mg DW) in triacylglycerol of Acanthococcus lagerstroemiae nymphs sampled every other month from July 2015
to June 2016. Groups labeled with diﬀerent letters within each row indicate signiﬁcant diﬀerences among sample collection dates.
Fatty acid/Variable

Nov 2015

Jan 2016

Mar 2016

May 2016

Jul 2016

Sep 2016

C6:0
C8:0
C10:0
C12:0
C14:0
13-methyl, C15:0
12-methyl, C15:0
C16:0
14-methyl, C17:0
C18:2Δ6
C18:1Δ9
C18:0
C19:0
C20:0
C22:0
Total amount

4.4 ± 1.1
108 ± 25.6 a
178.5 ± 54.1 a
65.2 ± 15.1 a
209.1 ± 57.5
0.8 ± 0.1 ab
1.0 ± 0.3
12.7 ± 1.6 ab
1.2 ± 0.1 ab
1.0 ± 0.7 ab
1.3 ± 0.5 ab
52.6 ± 5.7 ab
Trace
2.8 ± 0.2 a
Trace
639.0 ± 159.5 a

2.8 ± 0.4
91.4 ± 13.2 a
126.5 ± 20.8 a
48.1 ± 5.1 a
136.5 ± 17.9
0.9 ± 0.2 a
1.6 ± 0.5
9.1 ± 1.1 b
1.1 ± 0.1 a
2.8 ± 0.7 a
1.7 ± 0.4 a
42.9 ± 2.4 a
Trace
3.5 ± 0.4 a
Trace
470.1 ± 59.6 ab

Trace
18.6 ± 6.1 b
43.9 ± 11.6 b
24.2 ± 5.3 ab
81.1 ± 10.8
0.5 ± 0.1 ab
0.7 ± 0.1
7.9 ± 0.9 b
0.6 ± 0.1 ab
0.7 ± 0.1 b
0.6 ± 0.2 ab
34.2 ± 4.2 bc
0.2 ± 0.04
2.3 ± 0.3 ab
0.2 ± 0.02 b
215.9 ± 36.1 bc

Trace
Trace
30.3 ± 3.3 b
19.0 ± 4.1 ab
131.1 ± 22.3
0.3 ± 0.1 b
0.5 ± 0.1
12.0 ± 1.2 ab
0.6 ± 0.1 ab
0.7 ± 0.2 b
0.9 ± 0.2 ab
36.6 ± 3.2 bc
Trace
1.6 ± 0.3 ab
0.2 ± 0.05 b
229.3 ± 36.7 bc

Trace
Trace
27.9 ± 3.8 b
16.5 ± 6.6 b
95.4 ± 26.8
0.3 ± 0.1 ab
0.5 ± 0.3
8.1 ± 1.2 b
0.6 ± 0.1 b
0.2 ± 0.1 b
0.2 ± 0.1 b
26.0 ± 3.3 c
Trace
1.2 ± 0.3 b
0.3 ± 0.05 ab
166.2 ± 45.0 c

Trace
1.9 ± 0.3 b
34.5 ± 2.9 b
29.3 ± 2.1 ab
196.0 ± 14.3
0.5 ± 0.1 ab
1.2 ± 0.1
17.1 ± 0.1 a
0.5 ± 0.1 b
0.4 ± 0.2 b
0.6 ± 0.2 ab
37.3 ± 2.7 abc
Trace
1.6 ± 0.3 ab
0.5 ± 0.03 a
320.9 ± 14.9 abc
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80
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Mar 2016

May 2016

Jul 2016

Sep 2016

4. Discussion
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Insect adaptations to low temperatures are critical for their winter
survival and population growth (Chown and Nicolson, 2004). Cold
tolerance of insects is often studied to better understand their overwintering strategies, predict their potential distribution, and help design appropriate management solutions (Lapointe et al., 2007; Sunday
et al., 2012). Seasonally altered cold tolerance is one common overwintering strategy for insects in temperate regions and is associated
with complex physiological changes (Teets and Denlinger, 2013).
One of these changes is the reduction of body water content (Salt,
1961). In this study, water content of A. lagerstroemiae nymphs decreased by 20% in winter months when compared with nymphs sampled during summer months. This abrupt water reduction in the winter
roughly coincides with the cessation of feeding activity of A. lagerstroemiae when plants enter dormancy. Reduction in water, a universal
metabolite in living organisms, can concentrate body ﬂuids that contain
cryoprotectants and can also decrease the supercooling and freezing
points by increasing solute concentrations (Elnitsky et al., 2008; Ring
and Danks, 1994). Our previous studies showed a 5 °C reduction in the
supercooling points of winter samples of A. lagerstroemiae compared
with summer samples (Wang et al., 2016a). As indicated by Ring and
Danks (1994), desiccation and cold tolerance are overlapping adaptations found in the ﬁeld. The body water content reduction in A. lagerstroemiae nymphs during winter months found in this study may have
contributed to their enhanced cold tolerance. However, it is possible
that multiple mechanisms are involved.
Cold adaptations of A. lagerstroemiae were associated with the TAG
accumulation of shorter chain fatty acids including C6:0, C8:0 and
C10:0, of which C6:0 and C8:0 were found only during colder months.
High percentages of C8:0 and C10:0, each about 20% of total TAG fatty
acids, were found in the samples collected during winter months at the
cost of reductions in longer chain fatty acids including C14:0, C16:0 and
C18:0. The increased cold tolerance of A. lagerstroemiae nymphs collected in the winter months correlated with seasonal restructuring of
TAGs reported here. The accumulation of shorter chain fatty acids in
TAGs can decrease the melting points and then increase lipid ﬂuidity
which has been mostly reported to be accomplished by increasing fatty
acid unsaturation in colder months (Van Dooremalen et al., 2011a;
Vukašinović et al., 2015). Increased ﬂuidity has been hypothesized to
improve lipid mobilization because solid phase TAG are not as readily
metabolized by lipase as those in more ﬂuid status (Bennett et al., 1997;
Rozsypal et al., 2014). However, as the lipid, even with reduced melting
temperature, remains solid in the cold winter, whether increasing the
ﬂuidity of TAGs helps with lipid mobilization is still questionable. In
TAGs a slight increase of unsaturated fatty acids was also observed in
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Fig. 3. The percentages of molar concentrations of the six most abundant fatty
acids in triacylglycerols of Acanthococcus lagerstroemiae nymphs, including
C8:0, C10:0, C12:0, C14:0, C16:0 and C18:0. GC/MS analyses were conducted
every other month from November 2015 to October 2016. Bars are standard
errors. Bars labeled with diﬀerent letters within each type of fatty acid indicate
signiﬁcant diﬀerence among sample collection time.

collected in July 2016 (166 ± 45 nmol/mg) (Table 2). The percentage
of C8:0 and C10:0 in January 2016 was 31- and 1.6-times more than
that in September 2016, respectively (Fig. 3). For fatty acids with more
than 12 carbon atoms, the percentage in May, July and September 2016
was signiﬁcantly higher than that in November 2015 and January 2016
(Fig. 3). The percentage of total unsaturated fatty acids in TAGs were
relatively low (≤1%) with marginal diﬀerences over time (F(5,
31) = 2.6, P = 0.047).
3.3. Polyols and sugar
Glycerol, D-mannitol, myo-inositol, and D-trehalose were all present
in A. lagerstroemiae nymphs collected from November 2015 to October
2016 and were evaluated by comparing concentrations to deuterated
internal standards (Fig. 4, Supplementary Material Figs. S5 and S6). Dmannitol remained low from March to September 2016, ranging from
1.9 ± 0.3 to 8.5 ± 3.9 nmol/mg FW, but was observed higher in
November 2015 (20.1 ± 1.8 nmol/mg FW) and January 2016
(38.3 ± 7.4 nmol/mg FW; Fig. 5). Though signiﬁcant diﬀerences were
observed over seasons for glycerol, myo-inositol, and D-trehalose, the
amounts in January 2016 were all lower than or equal to those in May
and July 2016 (Fig. 5). Drastic changes from summer to winter for all
examined carbohydrates (as potential cryoprotectants) were only observed in D-mannitol (Fig. 5).
5
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Fig. 4. Total ion chromatogram of the upper layer homogenate in Folch’s method extracted from Acanthococcus lagerstroemiae nymphs collected in January 2016, and
identiﬁcations of glycerol, D-mannitol, myo-inositol, and D-trehalose by comparing the deuterated internal standards in Extracted Ion Chromatograms (EIC).

50

Nov 2015

Jan 2016

Mar 2016

May 2016

Jul 2016

Sep 2016

adaptation in membrane lipids of A. lagerstroemiae is found to be different from those reported in other insects by accumulating more unsaturated fatty acids as membrane lipids in winter (Bennett et al., 1997;
van Dooremalen et al., 2011b).
The energy reserves of A. lagerstroemiae nymphs increased from
summer to winter as indicated by the seasonal changes of total TAG
fatty acids. The energy reserves could be unnecessary during times
when food (plant sap) is readily available. Storing TAGs as an energy
reserve is a universal solution in insects in response to limited food
availability when host plants are in dormancy in the winter (Arrese and
Soulages, 2010) as reported for A. lagerstroemiae here, and other
hemipterans such as the spined citrus bug Biprorulus bibax (Breddin)
(Hemiptera: Pentatomidae) (James et al., 1990) and the pistachio psylla
Agonoscena pistaciae Burckhardt & Lauterer (Hemiptera: Psyllidae)
(Sadeghi et al., 2012).
D-mannitol is proposed to be the primary cryoprotectant for A. lagerstroemiae nymphs, accumulating in January 2016 with a 4.5-fold
higher amount compared with those in July 2016, and with a 19-fold
higher amount compared with samples collected in September 2016
which had the lowest level of D-mannitol. This correlates with the decrease of supercooling points in winter and could help A. lagerstroemiae
survive in sub-zero temperatures by lowering the lethal freezing temperature and/or extending the supercooling status (Hodkova and
Hodek, 1997; Zachariassen, 1985). In this study, though we only observed increase of D-mannitol in winter, other polyols, sugars and other
molecules could contribute to cold tolerance of A. lagerstroemiae
nymphs. Similar mannitol accumulation as a cryoprotectant in Hemiptera was reported for the cotton aphid, Aphis gossypii Glover (Aphididae) (Hendrix and Salvucci, 1998), the cabbage aphid, Brevicoryne
brassicae (L.) (Saeidi et al., 2012), and the red ﬁrebug, Pyrrhocoris apterus L. (Pyrrhocoridae) (Košt’ál et al., 2001). The similarity of cryoprotectant systems among phylogenetically closed species could be one

Polyols and sugar (nmol / mg Fresh weight)
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Fig. 5. Seasonal changes of molar concentrations of glycerol, D-mannitol, myoinositol, and D-trehalose of Acanthococcus lagerstroemiae nymphs (nmol/mg
Fresh Weight). The GC/MS analyses were conducted every other month from
November 2015 to October 2016. Bars are standard errors. Bars labeled with
diﬀerent letters within each polyol/sugar indicate signiﬁcant diﬀerence among
sample collection time.

samples collected during summer compared to those collected in the
winter. As all percentages of unsaturated fatty acids throughout the
season were < 1%, it is unlikely that they could have a major contribution to maintaining ﬂuidity. We did not detect any adaptive
changes in membrane lipids based on percentages of major saturated
fatty acids and total unsaturated fatty acids. A high variation was observed in major fatty acids and total amounts of PLs, which may have
resulted from a mixture of diﬀerent instars of nymphs. Fatty acid
6
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explanation for such accumulation although we are not certain whether
or not D-mannitol is a general cryoprotectant being used by other scale
insects.
This is the ﬁrst study to investigate cold tolerance mechanisms in
the superfamily of Coccoidea. In summary, the body water content and
energy reserve of A. lagerstroemiae nymph changed over seasons and
may have contributed to their overwinter survival. The decrease in
body water content during winter allows the organism to concentrate Dmannitol and other cryoprotectants in the body ﬂuids and to reduce the
supercooling and freezing points by increasing solute concentrations.
The restructuring of fatty acid composition in triacylglycerol along with
higher amounts of shorter chain fatty acids (C6:0, C8:0 and C10:0) in
winter results in lower melting points that could help the scales to
maintain lipid ﬂuidity for energy utilization. In addition, D-mannitol,
the major putative cryoprotectant found in higher amounts in A. lagerstroemiae nymphs in the winter, could help reduce lethal freezing
temperature and extend supercooling status.
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